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Abstract:  
We show that Co spins in Co/FeRh epitaxial bilayers grown on W(110) switch reversibly between the 
two orthogonal in-plane directions as the FeRh layer undergoes temperature driven antiferromagnetic-
ferromagnetic (AFM-FM) phase transition. Switching of Co magnetization is characterized by a 
hysteretic behavior owing to a temperature hysteresis of the AFM-FM transition in FeRh. The spin 
reorientation of Co is driven by the evolution interfacial exchange coupling to FeRh system across the 
AFM-FM process. Our results provide a new method of writing information purely by a local 
temperature change. 
 
Control of the spin direction in magnetic nanostructures has become a key objective of investigations in 
nanomagnetism because it is a mandatory requirement for magnetic recording applications. Typically, 
in ultrathin ferromagnetic films, the magnetization orientation can be tuned in a process of a spin 
reorientation transition (SRT), which involves thickness or temperature driven switching of the 
spontaneous magnetization orientation between two directions [1–3]. In our report, we show a new 
mechanism for reversible in-plane magnetization switching of ferromagnets in contact with FeRh alloy. 
An FeRh alloy with an equiatomic composition has revealed a temperature induced first-order magnetic 
transition from an antiferromagnetic (AFM) to ferromagnetic (FM) state at a transition temperature (TT) 
350 K and a second-order transition to a paramagnetic (PM) state at TC = 675 K [4]. This unique AFM-
FM magnetic transition (termed as “metamagnetic”), was first discovered in 1938 [5,6] and is 
accompanied by volume expansion [7,8], a decrease of resistivity [4], and a large change in 
entropy [9,10]. Recently, FeRh films exhibiting AFM-FM transitions have attracted considerable 
attention [11–15], owing to their potential applications in new storage media, such as heat assisted 
magnetic recording (HAMR) [16,17]. Our experiments show that in Co/FeRh bilayers grown on 
W(110), spins of the epitaxial  Co films witch reversibly between two orthogonal in-plane directions, 
namely [1-10] and [001], as the FeRh system undergoes an AFM-FM phase transition. Switching of Co 
magnetization is realized purely by variation of temperature and it is induced by a change of the magnetic 
coupling between the Co and FeRh spin systems that accompanies the AFM-FM phase transition. The 
temperature driven switching of the Co spins is characterized by a hysteretic behavior originating from 
the intrinsic temperature hysteresis of the AFM-FM phase transition in the FeRh system.. The 
phenomenon reported here goes beyond the HAMR concept consisting in temperature modulation of 
the coercivity  [18] and provides a mechanism for writing information purely by changing the local 
temperature, which could be realized by laser heating or an electrical current flow. 
The ultrathin epitaxial FeRh layer with a thickness of 50 Å was grown on a W(110) substrate by 
elemental co-deposition at room temperature. The nominal Rh atomic concentration was approximately 
54%. The sample was post-annealed at 800 K for 30 min to promote formation of the desired B2 
structure [19]. The epitaxial character of the FeRh film was confirmed by high-quality low-energy 
electron diffraction (LEED) patterns, as shown in Fig. 1a, together with a LEED pattern corresponding 
to the W(110) substrate (Fig. 1b) and Co overlayer (Fig. 1c). 
 
 
FIG. 1 LEED patterns of a) W(110) single crystal surface, b) FeRh alloy film, and c) cobalt deposited 
on FeRh system. White dotted line indicate the regular hexagon which marks the positions of diffraction 
spots. Energy of incident electrons is given above the images. 
 
The magnetic properties were studied in situ by the longitudinal magneto-optical Kerr effect (LMOKE). 
We used a standard optical layout for the LMOKE setup with s-polarized light ( = 635 nm), and 
photoelastic modulator (f = 50 kHz) with lock-in detection. The 2f signal measured by the detector was 
proportional to the Kerr rotation [20]. To obtain the temperature dependence of magnetization, LMOKE 
magnetic hysteresis loops were measured over a wide temperature range and normalized to the highest 
value of measured Kerr rotation at saturation ROTsat (corresponding to loop collected at 330 K during 
cooling process, showed in Fig. 2a). The ROTsat obtained from normalized loops was taken as a measure 
of the saturation magnetization. The exemplary hysteresis loops recorded with the external magnetic 
field applied parallel to the [001] in-plane direction of W(110) during the cooling and heating processes 
together with the corresponding temperature magnetization profile of the AFM-FM phase transition are 
shown in Fig. 2. 
 FIG 2.  a) The exemplary LMOKE magnetic hysteresis loops acquired across AFM-FM phase transition 
for 50 Å thick FeRh film on W(110) for the heating and cooling transition branches. b) Temperature 
magnetization profile of the AFM-FM phase transition. 
 
The critical transition temperatures of the heating and cooling branches were  estimated to be Theat = 318 
K and Tcool = 286 K, respectively, resulting in a transition hysteresis of T = 32 K. The transition was 
clearly shifted towards lower temperatures compared with that of the bulk FeRh system (Theat = 360 K, 
Tcool = 345 K [4]) and its hysteresis was broader. Our systematic studies of the thickness dependence of 
the AFM-FM transition (data not shown) indicated that the major effect on the transition temperature 
was a lattice strain originated from the considerable mismatch between the W(110) substrate and the 
FeRh system. This effect allows tailoring of both the critical transition temperature and the hysteresis 
shape by changing the FeRh film thickness. The in-plane magnetic anisotropy of the discussed FeRh 
film in the FM was small., as indicated by the similar LMOKE results obtained with an external magnetic 
field applied along the in plane [1-10] direction (not shown). 
On top of the FeRh alloy film, a wedge shaped Co layer with a thickness varying from 0 to 20 Å was 
grown by MBE at room temperature with the use of a shutter moving in front of the sample during the 
Co deposition. The deposition of cobalt was followed by annealing at 500 K for 15 min. The LEED 
pattern corresponding to the Co surface, shown in Fig. 1c with a regular hexagon tailored to the positions 
of diffraction spots, indicated that Co crystallized on the FeRh(110) plane in a hexagonal hcp phase. 
Moreover, the LEED patterns measured at specific electron energies were very similar over the whole 
examined Co thickness range, indicating that the hexagonal symmetry of the Co film surface was 
preserve over the entire thickness range. 
The Co growth was followed by in-situ temperature and Co thickness dependent LMOKE measurements 
with external magnetic fields applied along the [1-10] and [001] in-plane directions. Figure 3 shows 
representative hysteresis loops measured for the two distinct Co thicknesses dCo = 6 Å and dCo = 13 Å 
at 350 K. This temperature corresponds to the FM state of the FeRh alloy, denoted as FeRhFM and 130 
K corresponding to AFM state of FeRh alloy denoted as FeRhAFM. The insets in the bottom panel of Fig. 
3 show corresponding loops measured at 130 K with an external field applied along the [100] direction. 
The hysteresis loops measured at 350 K with an external magnetic field along [1-10] for both thicknesses 
(top panel of Fig. 3) were rectangular indicating that the easy magnetization direction lays along [1-10]. 
However, at lower temperatures the magnetic anisotropy clearly changed the orientation of the easy axis 
to the [001] direction for dCo = 13 Å, while the [1-10] direction remained easy for dCo = 6 Å. This can 
be clearly seen from the shape of the loops measured for the [1-10] and [001] directions, respectively 
(see insets in the bottom panel of Fig. 3). The hard axis loops observed at 130 K for dCo = 6 Å along the 
[001] direction and dCo = 13 Å along [1-10] were characterized by a low remanence and high saturation 
magnetic field. These findings indicate a thickness driven SRT at 130 K. 
 
 
FIG. 3 LMOKE loops measured for the Co/FeRh bilayer with an external magnetic field applied along 
the [1-10] in-plane direction, shown for cobalt film thicknesses of 6 Å (left panel) and 13 Å (right panel). 
The top and bottom panels correspond to measurements at 350 and 130 K, respectively. Insets in the 
bottom panels show LMOKE loops measured along the [001] direction. Loops were normalized to Kerr 
rotation signal at saturation for each loops. 
 
The systematic LMOKE measurements performed as a function of Co thickness at 130 and 350 K 
allowed us to derive the dependence of the remanence Kerr signal ROTrem as function of Co thickness, 
as shown in the Fig. 4a for the discussed temperatures. At 350 K the saturation normalized remanence 
signal derived from the [1-10] loops was only weakly temperature dependent and close to unity. 
Additionally, the remanence signal for the [001] direction was nearly zero at all cobalt thicknesses (data 
not shown). This finding indicates that the easy magnetization axis of the Co/FeRh system at 350 K was 
along [1-10] over the whole investigated thickness range. In contrast to the 350 K behavior, at 130 K 
the remanence, derived from the [1-10] loops, decreased from nearly one at a low thickness to zero for 
cobalt thicker than dcrit = 8 Å. This behavior was accompanied by an inverse change of the remanence 
derived from LMOKE loops along the [001] direction indicating that at low temperatures, corresponding 
to the AFM state of FeRh the cobalt layer underwent a thickness driven in-plane SRT. Moreover, a 
comparison of the MOKE remanence thickness dependence between the two discussed temperatures 
clearly indicated that cobalt thicker than dcrit= 8 Å featured a temperature driven SRT between the [1-
10] direction at 350 K to [001] at 130 K. 
 
 
FIG. 4 a) Remanence Kerr rotation ROTREM normalized to saturation determined from LMOKE loops 
measured with external magnetic field applied along the [1-10] direction, shown as a function of cobalt 
thickness. b) Temperature dependence of the remanence Kerr rotation ROTREM and saturation Kerr 
rotation ROTSAT determined from LMOKE loops measured with external magnetic field applied along 
the [1-10] direction, shown as a function of temperature for dCo = 13 Å. 
 
To understand the origin of the observed SRT we performed temperature dependent LMOKE 
measurement for a selected Co thickness in the range above dcrit of thickness driven SRT at 130 K, 
namely for dco = 13 Å. The LMOKE loops were measured with an external field applied along [1-10] 
during the temperature cycle 350 K  200 K  350 K. The amplitude of the LMOKE signal 
corresponding to the saturation state (Fig. 4b top panel) and the normalized remanence Kerr rotation 
Fig. 4b bottom panel) were determined as a function of temperature. 
The temperature evolution of the saturation Kerr signal corresponds to the AFM-FM phase transition in 
the FeRh and is characterized by a typical transition temperature hysteresis. The critical transition 
temperatures on heating and cooling branches were estimated to be Theat = 308 K and Tcool = 274 K, 
respectively, resulting in a transition hysteresis T = 34 K. The transition was shifted by approximately 
10 K towards lower temperatures compared with that of the uncoated FeRh film. This shift should be 
attributed to the exchange coupling with the ferromagnetic cobalt film. In parallel, the remanence Kerr 
signal is a fingerprint of the magnetization orientation and its temperature induced evolution is a 
manifestation of the cobalt SRT between the [1-10] direction (high remanence value) and [001] direction 
(low remanence state). It is clear from a comparison of the bottom and top panel of Fig. 4b that the 
temperature driven SRT was characterized by an identical hysteresis to that of the AFM-FM phase 
transition. Thus, we consider that the SRT was induced by the phase transition of the alloy film. This 
observation shows that by changing the temperature of the Co/FeRh bilayer, the 90-degree 
magnetization switching can be realized without any additional external factor, as an external magnetic 
field or electric current. With this effect one can imagine writing information bits, represented by Co 
magnetization orientation, purely by a small temperature change (for example by a low power laser 
beam heating). Furthermore, owing to the hysteretic behavior of the cobalt SRT process depending on 
the sample temperature history at a given temperature near room temperature, both the [1-10] and [001] 
orientations of cobalt magnetization can be stabilized. Our interpretation of the observed SRT involves 
the intrinsic uniaxial anisotropy of the FeRh /Co interface with an easy axis parallel to [1-10]. This 
conclusion is supported by LMOKE loops measured for the whole investigated Co thickness range at 
temperatures above TAFM-FM and at low temperatures for the low cobalt thickness regime. Furthermore, 
along with the AFM-FM phase transition, a change between a frustrated and collinear interlayer 
exchange coupling Co-FeRh  took place for  the FeRhAFM and FeRhFM states, respectively. In the 
FeRhAFM state, the cobalt spins cannot simultaneously satisfy the parallel alignment to the opposite Fe 
spin sublattices of the compensated (110) FeRh plane, which leads to the spin-flop phenomena. This 
frustration results in an abrupt switching of the Co magnetization to the [001] direction, which is 
perpendicular to the Fe spins in a FeRh system. Consequently, a lack of an exchange bias was observed 
in our LMOKE data in agreement with the findings of Schulthess et al. [21] and Moran at al. for the 
FeF2/Fe system [22]. A schematic drawing of the evolution of the interfacial spin structure across the 
FM-AFM transition for FeRh covered by Co is shown in Fig. 5. 
 FIG. 5 Schematic showing evolution of interfacial spin structure across FM-AFM transition for Co/FeRh 
bilayer for dCo = 13 Å. Left and right panels correspond to the FeRhFM and FeRhAFM states of the alloy 
film, respectively. White and black arrows label the FeRh (red and blue spheres) and Co (gray spheres) 
spins, respectively. 
 
Finally, the origin of the thickness induced cobalt SRT at low temperatures can be interpreted in a similar 
way. In the low thickness limit, interfacial contributions preferring the [1-10] magnetization direction 
are stronger than the spin flop induced uniaxial magnetic anisotropy. Thus, the magnetization aligns 
parallel to the [1-10] direction. As the thickness increases, the two anisotropic contributions compete. 
However, the relative impact of the FeRh/Co interface anisotropy decreases with increasing cobalt 
thickness and above dcrit the spin-flop induced anisotropy dominates, forcing the reorientation transition 
to [001] direction. 
In conclusion, we have shown that it is possible to write an information bit (represented by the Co 
magnetization orientation) in FeRh/Co bilayers by a temperature change alone. Such simple 
magnetization switching is possible owing to a temperature driven AFM-FM phase transition in the 
FeRh layer. Our observations indicate a possibility of using the AFM-FM phase transitions in a device 
(heat engine) that transfers the thermal energy to the magnetic anisotropy energy of a ferromagnetic 
system neighboring the FeRh layer. Integration of a FeRh system with a properly designed sandwich-
like system might result in a manipulation of the magnetization direction of ferromagnetic sublayers in 
a multilayer stack or even a whole multilayer. 
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